Abstract. I discuss forms of high energy density matter in QCD. These include the Color Glass Condensate, the Glasma and the Quark Gluon Plasma. These all might be studied in ultra-relativistic heavy ion collisions, and the Color Glass Condensate might also be probed in electron-hadron collisions. I present the properties of such matter, and some aspects of what is known of their properties.
INTRODUCTION
There is a generic similarity between the physical conditions in the early stages of heavy ion collisions, and those of the early universe. This is illustrated in Fig. 1 . The Color Glass Condensate describes the initial quantum mechanical wavefunctions which initiate the collision. This is similar to the initial wavefunction in cosmology. At the moment of the collision there is the initial singularity, analogous to that of the quantum gravity and inflationary stages of cosmology, where quantum fluctuations are important. These fluctuations eventually evolve into the large scale fluctuations in the matter distribution produced in such collisions, analogous to the fluctuations produced in inflationary cosmology which form the seeds for matter fluctuations which eventually develop galaxies and clusters of galaxies. After the singularity there is a Glasma phase which has topological excitations analogous to those associated with baryon number violation in electroweak theory. The Quark Gluon Plasma is analogous to both the electroweak and QCD thermal phases of expansion in cosmology, and the deconfinement transition is analogous to that which generates masses for electroweak bosons. In cosmology there are a variety of phase transitions which occur at various times, corresponding to the confinement-deconfinement transition of QCD.
There is a new paradigm: Various forms of matter control the high energy limit of QCD. These forms of matter have intrinsically interesting properties, as well as properties which once understood have extensions to other areas of physics such as cosmology.
It is the purpose of this talk to describe for you the properties of these high energy density forms of matter, how they appear in high energy physics phenomenology, and what is known experimentally about these forms of matter. For reasons of space, these topics are covered only in the most generic terms. 
THE INITIAL WAVEFUNCTION
In the leftmost part of Fig. 2, I show the various Fock space components for a baryon wavefunction. At low energies, the dominant states for physical processes have three quarks and a few gluons. In high energy collisions, many particles are produced. These ultimately arise from components of the hadron wavefunction which have many gluons in them. These components make a gluon wall of longitudinal extent of 1/Λ QCD . The density of gluons in the transverse plane grows as the energy increases, as is also shown These gluons must become very tightly packed together. They form a high density, highly coherent condensate of gluons, the Color Glass Condensate (CGC). [1] - [3] Because the typical separation of gluons is small, at high enough energy α S << 1, and the system is weakly coupled. Due to the coherence, it is also strongly interacting. An example of coherence greatly amplifying a very weak interaction is given by gravity: The intrinsic strength of the gravitational force is very small, but due to the coherent superposition of forces arising from individual particles, it becomes a large force.
There is a typical momentum scale Q sat , and gluons with momentum less than this scale have maximal phase space density,
As one goes to higher energies, the saturation momentum increases, as more gluons are added to the CGC. The theory of the CGC has provided both a rich phenomenology as well as first principles understanding within QCD for the high energy limit. [3] Some of the successes of this theory include
• Scaling properties in electron-hadron scattering.
• Elastic and almost elastic electron-hadron scattering.
• Nuclear size dependence of quark and gluon distributions.
• Distributions of produced particles in hadron and nuclear collisions.
• Scaling properties of hadron-hadron collisions.
• Long range momentum correlations for particles produced in hadron-hadron collisions.
• Intuitive understanding of high energy limit for cross sections.
• The origin of the multiparticle excitations which control high energy scattering (Pomeron, Reggeon, Odderon).
This is a very active area of research. It has as one of its intellectual goals, the unification of the description of all strong interaction processes at high energy and as such involves different phenomena: electron-hadron, hadron-hadron, hadron-nucleus and nucleus-nucleus collisions.
THE INITIAL SINGULARITY AND THE GLASMA
Before the collision of two hadrons, two sheets of Colored Glass approach one another. Because the phase space density of gluons is large, the gluons can be treated as classical fields. The fields are Lorentz boosted Coulomb fields, that is Lienard-Wiechart potentials, which are static in the transverse plane of the hadrons and have E ⊥ B ⊥ẑ, where z is the direction of motion. When the classical equations for the evolution of these fields is solved, in a very short time scale of order ∆t ∼ 1 Q s e −κ/α S , the fields change from purely transverse to purely longitudinal. This is because the collisions generate color electric and magnetic monopole charge densities of opposite sign on the two sheets. This description is reminiscent of the flux tube models of color electric fields which are used in phenomenological descriptions of low energy strong interactions. At high energies, there are both color electric and magnetic field because the electric and magnetic fields were of equal magnitude in the CGC, and because of the electric-magnetic duality of QCD.
Fields with a non-zero E · B carry a topological charge. In QCD, they are associated with anomalous mass generation and chiral symmetry violation. In electroweak theory, such fields may be responsible for generating the baryon asymmetry of the universe. In QCD, they may generate the masses of those particles which constitute the visible matter of the universe. Each field configuration violates CP. An experimental discovery of the effects of such fields would be of great importance. Theoretical ideas for experimental signatures are sketchy. [4] These initial longitudinal fields at the time of production evolve into transverse fields and eventually form a Quark Gluon Plasma. The matter from production until the formation of the Quark Gluon Plasma is called the Glasma. [5] - [7] The initial Glasma fields are unstable, and after a time scale of order 1/Q s , instabilities begin to become of the order of the original classical fields. [8] - [11] The origin of these Weibel instabilities was originally found for plasmas close to thermal equilibrium by Mrowczinski. Quantum fluctuations in the original wavefunction can grow by these instabilities, and eventually overwhelm the longitudinal electric and magnetic Glasma fields. Perhaps these fields form a chaotic or turbulent liquid which might thermalize and isotropize the system. [12] The amplification of quantum fluctuations to macroscopic magnitude is reminiscent of inflation in the early universe. These quantum fluctuations expand to size scale larger than the event horizon during inflation, and are imprinted into the fabric of space-time. At much later times, the event horizon size scale becomes of the order of galactic size scales. Ultimately, these fluctuations drive gravitationally unstable modes which form galaxies and clusters of galaxies.
In heavy ion collisions, analogous fluctuations in the hadronic wavefunction might appear as momentum dependent fluctuations. Such fluctuations might be frozen into the final state distribution of particles.
THE STRONGLY INTERACTING QUARK GLUON PLASMA
Some of the first data from RHIC showed that there was strong radial and elliptic flow, and strong jet quenching. [13] The flow data could be described using perfect fluid hydrodynamic equations. Although there is a good deal of uncertainty due to lack of precise knowledge of the initial state, final decoupling, equations of state and the magnitude of viscous corrections, it is nevertheless remarkable that perfect fluid hydrodynamic computations can describe the data. Such a description was not possible for data at lower energies. [14] Such agreement involves comparison of almost limitless numbers of transverse and longitudinal momentum distributions of produced particles as a function of the impact parameter of the nuclear collisions. The impact parameter of such collisions is determined by measurements of the particle multiplicity both in the forward and central regions of the collision (at low longitudinal and high longitudinal momentum in the center of mass frame). The agreement between data and experiment seems to be improved by the more careful treatments of late time evolution in the form of hadrons, and using Color Glass initial conditions. [14] Perfect fluid hydrodynamics is the limit where interactions are very small and viscosities are zero. This suggests that the Quark Gluon Plasma is well thermalized and fairly strongly interacting. The degree to which the viscosity may be treated as zero is subject to a better understanding of the initial conditions. Color Glass Condensate initial condition allow for larger viscosities than the standard phenomenological choices.
Jet quenching is the disappearance of high transverse momentum particles because of interactions with the produced media. The production of high transverse momentum particles is described well within perturbative QCD. One needs only know the distribution functions of quarks and gluons inside hadrons and nuclei. This can be done by deep inelastic scattering combined with additional data on hadron-nucleus collisions..
There is suppression of jet production in gold-gold collisions by a factor of four out to transverse momenta of about 20 GeV , corresponding to several GeV . Such a large energy loss is stunning and was not anticipated. [13] , [15] These observations have led to a consensus that one has produced a strongly interacting Quark Gluon Plasma, and that to a fair or good or perhaps excellent approximation, the system is thermalized. A well thermalized system is a perfect fluid. The outstanding issue is how perfect is the perfect fluid.
This may be parameterized by the dimensionless ratio of viscosity to entropy density, η/s. As argued by Son and collaborators, [16] N = 4 supersymmetric Yang-Mills theory satisfies a bound η
with the lower bound approached for infinite coupling. This is a beautiful result which leads to new insight. Although N = 4 supersymmetric theories bear no direct relation to our physical world, this bound was also more generally argued as a consequence that in the strong coupling limit of QCD, the limiting small viscosity is reached when the mean free path of a particle become equal to its deBroglie wavelength. Below this limit, scattering is difficult due to quantum mechanical coherence. Is η/s close to the minimum value for temperatures accessible at RHIC in the QGP? There are reasons to be skeptical: (1) Some computations argue that one does not need extremely large cross sections within transport computations to describe the elliptic flow data. [17] (2) Flow results depend on initial conditions, about which there is not yet consensus, the way that the equation of state is treated, and how one coalesces quarks and gluons into hadrons. There is much work now on initial conditions, so this has potential for resolution. If the initial conditions are more like those predicted from the Color Glass Condensate, one generates more elliptic flow, which could be reduced by increasing the viscosity. [18] (3) New realistic computations with relativistic hydro and viscosity are being done. The preliminary results from these hydro computations indicate that varying viscosity can be compensated by various other uncertainties in the computations. [19] - [20] 
STRINGS AND ADSCFT
There has been some discussion at the literature about string theory and its relationship to heavy ion physics. [16] , [21] AdSCFT is a mathematical trick which allows one to compute the properties of N = 4 supersymmetric Yang-Mills theory in terms of gravitational theory in curved space. The strong coupling limit of N=4 SUSY corresponds to weak coupling gravity, allowing strong coupling computations for the Yang-Mills theory.
N= 4 supersymmetric Yang-Mills is not QCD. There are many caveats:
• It has no mass scale and is conformally invariant.
• It has no confinement and no running coupling constant.
• It is supersymmetric.
• It has no chiral symmetry breaking or mass generation.
• It has six scalar and fermions in the adjoint representation.
The interesting applications of this correspondence for QCD are in the strong coupling limit. Even in lowest order strong coupling computations it is very speculative to make relationships between this theory and QCD, because of the above. It is much more difficult to relate non-leading computations to QCD. It may be possible to correct some or all of the above problems, or, for various physical problems, some of the objections may not be relevant. As yet there is neither consensus nor compelling argument for the conjectured fixes or phenomena which would insure that the N = 4 supersymmetric Yang Mills results would reliably reflect QCD.
Further, these computations are applied to the QGP at temperatures above the deconfinement transition temperature, where the validity of strong coupling limit is arguable. Lattice computations give reliable computations of the properties of the QGP, and indicate the coupling is of intermediate to weak strength in this region. There are improved weak coupling computations which agree with lattice data at temperatures more than a few times T c . [22] The AdSCFT correspondence, is probably best thought of as a discovery tool with limited resolving power. An example is the η/s computation. The discovery of the bound on η/s could be argued be verified by an independent argument, as a consequence of the deBroglie wavelength of particles becoming of the order of mean free paths. It is a theoretical discovery but its direct applicability to heavy ion collisions remains to be shown.
Certainly, computations in lattice gauge theory or in weak coupling provide reliable QCD computations of a limited set of physical phenomena. One has had hope for analytic methods in the strong coupling dynamics of QCD, and we should continue to have such hope.
